This paper reviews the interpretive
Introduction:
In the last decade we have seen many spectacular developments in the study of the Earth and the time is opportune for an assessment of the influence of these new ideas and observations on the determination of the above variables. Undoubtedly the major theoretical change of solid Earth geophysics over this period has been the investigation and use of more mobile models of the Earth as an aid to the interpretation of surface observations. I believe it is fair to say that concern with the detailed kinematics of the superficial layers, exemplified by the New Global Tectonics, has not been paralleled by similar interest in the physical problems raised by the new hypotheses.
The first results of extra terrestrial exploration reveal the unique quality of the Earth's surface deformation, even in its most general aspects and the need is evident for a physical explanation of this fact at a deeper level than the current kinematic theories can possibly reach.
1.1 Temperature Determination:
Of the four variables under discussion, the temperature of the Earth's interior and the methods used to determine it seem to be in greatest need of modification by the concept of an Earth that can deform indefinitely under non-hydrostatic stress. Untill recently, temperature evaluation in the Earth was very closely identified with the theory of heat conductiont but it has been known for some time that the velocities derived from an interpretation of the palaeomagnetism of the continents and ocean floor greatly exceed those for which heat conduction would be a consistent theory of heat transport for the Earth as a whole (Tozer,1965) . There has been much debate as to the form of the theory that should (35) replace the hypothesis of heat conduction, and there has been a well-developed tendency in some quarters to reject the simplest type of convection theories before their consequences or usefulness have been even minimally explored. One irreversible change that has been forced on us by admitting the possibility of mass transport associated with a flow of heat in interior is that the study of the thermal history of the Earth will no longer be the rather isolated study it has been in the past, but much more closely integrated with the rest of geophysics. The thermal conductivity is only one of many constitutive parameters that can determine the form of mass transport theories; the temperature field is always formally coupled to several other field variables of the interior.
In a review paper such as this I can only outline the rationale and results that have followed from an attempt to formulate the heat transport problem in more general terms;
another aspect of these results dealing with evolution of a convecting Earth should appear elsewhere in a publication of this meeting. The only existing heat transport theory that also involves macroscopic mass transport and for which some modest claim to quantitative understanding can be made, is that of purely thermal convection in a Newtonian viscous medium. Experience has taught me to say at this point that like any physical theory I do not regard this theory as the complete and true theory appropriate for the Earth's interior.
Nevertheless it can serve as a more precise logical framework for the interpretation of certain aspects of our geophysical experience than does the invention of neologisms to describe particular flow patterns. In fact its use is comparable to that of classical elasticity theory in seismology, where despite obvious indications from the laboratory and the field that it is an incomplete theory, it is nevertheless an outstandingly useful one. If one wishes to preserve a unitary description of the Earth's interior I am merely suggesting that the Newtonian viscous medium, as well as the Hookean elastic medium, be recognised as approximate forms of a more complicated mechanical field theory.ttt It is now known, for example, that these two classical theories are asymptotic forms for small, fast deformations and slow deformations, respectively, of a medium that possesses a fading memory (Truesdell and Noll, 1965) . This class of media is large enough to include all materials as yet observed.
For the foreseeable future, the restriction of data collection points to essentially surface stations inevitably poses the basic theoretical problem as a boundary value problem. Can observations on a closed surface be usefully interrelated by solutions to the convection equations inside it, and what is the nature of permissible solutions throughout the interior?
An appreciation of the general lack of uniqueness to such problems in convection theory t There are still some exponents of this technique although the really early writers on the subject seem to have had a much more flexible view of heat transport. I think this rather nicely illustrates the deadening effect on creative thinking of computer-assisted numerology. tt There is internal evidence of its incompleteness (see next foot-note) for the Earth's interior. The greater mistake was to believe that thermal conduction was such a complete theory. ttt There are no perceptible bounds on how complicated this theory could be. Constitutive relations are, and always have been, freely adjustable to experimental data. To me this is a complete answer to Jeffreys' recent complaints (1967) that convectionists ignore his particular criticisms of convection based on different aspects of the Earth's inelastic deformation.
is an essential starting point since it is responsible for some of the complexities that arise.
Closely allied to non-uniqueness is the need to test the stability of solutions to infinitesimal perturbations. Experience teaches us that a perfectly acceptable analytical solution to a problem will not be observed unless it is also stable to such perturbations. If the set of stable analytical solutions (the observable solutions) is empty, then the system may be analytically defined as turbulent-as contrasted with merely time dependent. Needless to say, immense theoretical difficulties stand in the way of elucidating by analytical methods this manifold of solutions although it is partially known by numerical methods for the simplest thermally converting systemst. Laboratory experiments and theory readily suggest that the multiplicity of solutions for given boundary conditions increases rapidly as a parameter describing the strength of the driving forces increases. Apart from the multiplicity that might arise from the symmetry of the boundary conditions, the multiplicity of these stable solutions can become very large, even nondenumerable, before it eventually falls to zero.
The non-uniqueness that generally exists for the solutions to boundary value problems in convection theory immediately raises the question of how the theory could be checked or even its usefulness established. It was obviously never intended that a continuum theory be checked against experiment on a point to point basis since observables are always interpreted as temporal or spatial functionals of the solutions. From a practical point of view we should enquire as to the nature of the distribution of values of all such measurable functionals over the set of observable solutions, and whether there are any with such little standard deviation that a measurement would serve as a simple test of the theory.
Again, experiment as well as theory indicates that there are such precise characteristics of the set of observable flows; e.g. the heat transfer in a Benard convection configuration.
These features of convection problems inevitably condition our attitude towards questions that could and are being asked about a converting Earth. Although the ultimate formal aim of the convection hypothesis is to determine a useful synthesis and interpretation of geophysical data by solving the convection equations throughout the interior, there is at the same time the problem of assigning continuous distributions of the appropriate constitutive parameters, i.e. properties, to the Earth's interior.tt The multiplicity already t There is a semantic difficulty to be resolved here. In common usage convection is used phenomenologically to describe a flow, but our purposes are best served by using it as an adjective for the set of differential equations that form the basic hypothesis of the present discussion (see Landau and Lifshitz, 1959) . For some boundary conditions a possible solution of these equations is the state of rest and a temperature field determined by the conduction equation. In other words, conduction is not to be viewed as a separate process but merely as a possible mode of convection for some systems. This apparently heretical view of conduction is certainly in accord with our use of the term in the laboratory. We might say that the convection is on a length scale negligible compared with the size of the system. This illustrates in a different way the tacit assumption of those who use conduction theory without further analysis, and the flexible interpretation that must be given to the coefficient of thermal conductivity in convection theories. it Although laboratory experiment can guide this assignment it should no more constrain us than it does when trying to find that distribution of elastic constants which afford an interpretation of travel-time curves i.e, the Earth should always be regarded as a system with unique in situ pro-referred to is, therefore, compounded with the ambiguities of this assignment. In addition to this, there is the effect of other processes on this total manifold of thermal convection solutions. For example, it is reasonable to seek an explanation of observable chemical differences at the Earth's surface in terms of a process of differentiation in the interior.
Although there is an argument that this may be treated as a small perturbation of thermal convection solutions (Toner, 1965) it may still determine the temporal evolution of the system by inducing secular changes in the constitutive relations of thermal convection.
It may also cause transitions between one thermal convection solution and another if the multiplicity is high, and control the evolutionary path of the system near a bifurcation point of the solutions. Elsewhere (Tozer, 1967) or thermal phenomenon, though it could provide the essential basis for a view of these phenomena as perturbations. From a strictly correct methodological point of view all the constitutive functions entering the theory should be assigned solely on the basis of field observations of convection characteristics but this council of perfection is hardly a practical policy, even if possible in principle, for such a complicated theory. As an alternative, I have studied the problem for a range of constitutive functions considered plausible on the evidence of laboratory sample measurements. Obviously if such data leads to correct prediction in the field, there is a larger synthesis of experience, but is necessary, it may also be ignored! The first point to check is whether the relatively easily obtained (steady) conduction solution of the convection equations is among the set of observable solutions. The answer to this seems to be definitely in the negative unless one attributes to the material a truly remarkable resistance to viscous creep. The next stage of finding any observable solution is confused by a feature of the conduction solution of which we have little theoretical experience, and which has not yet been effectively simulated in a quantitative laboratory model experiment. For all the plausible steady conduction solutions there is a tremendous variation (a factor>1040) in the viscosity with depth. As is so often (always?) the case in viscous hydrodynamics, the absence of a formal method of analysis supported by a uniqueness theorem compels us to analyse this situation by choosing a plausible intuitive hypothesis (Birkhoff, 1960) . Its choice for the present type of problem has been determined by the following circumstances. 1. The variation of the various plausible viscosity functions along the adiabats, the natural reference states for discussions of convection, is not larget, except where the adiabatic compressibility is large (>10.0/bar say). A number of separate studies have shown that gradient of viscosity along adiabats in mantle material is not normally large enough to cause significant differences from the solutions that would be obtained if these spatial variations were ignored. However, in the range of depth 350-1000km, the density gradient is much higher and I believe that very considerable increases of viscosity occur along adiabats in this region. In all models this increase was represented by a rigid boundary at various depths in that region. 2. The large variation with depth of the viscosity that is associated with the conduction solution is not to be attributed so much to a temperature coefficient of viscosity that is much larger than the laboratory model fluids as much as to the large temperature change with depth. Expressed as a percentage change/C the temperature coefficient above 1000K is comparable with that of water at room temperature. This suggests that the Rayleigh and Prandtl numbers, used judiciously, may characterise the mantle problem as effectively as they do the laboratory systems, and that the latter can supply useful information when analytical methods fail. We bridge the modelling gap by using the idea of equivalent Rayleigh and Prandtl numbers. A great simplification of the problem that is suggested by experiments and the theory of constant property fluid convection is that the spatially averaged heat transfer characteristics of the set of observable flows show very little scatter, and can be adequately expressed as a single valued function of a Rayleigh number, (a dimensionless group that specifies the driving force of the motion) providing the Prandtl number is large. Examples of this are the average heat flow across a horizontal plane layer with impressed temperature difference, and the temperature difference across such a layer with uniform internal heat sources. This phenomenon enables us to discuss a method for calculating mean temperatures on level surfaces without worrying about the details of the velocity distribution.
Another statement whose approximate validity follows from the small scatter of the heat transfer characteristics of the observable solutions and numerical studies of the set of analytical solutions is that the observable flows are close to extrema of the heat flow characteristics, e.g. the observed temperature difference across an internally heated layer is approximately the minimum compatible with the convection equations and boundary conditions. Taking into account all these considerations, we now postulate as our plausible intuitive hypothesis that the convective motions in our Earth models are such as to minimise the mean temperature across any spherical shell in which the conduction solution is unstable, and that we can use the data from laboratory model experiments to find that minimum.
The solution of this extremum problem gives much useful information about the mean properties of convection for the set of plausible models and throws quite a new light on a number of old problems. Of greatest interest to us here is the way in which the mean absolute temperature on level surfaces below a certain depth is controlled by the viscosity Fig. 1 . The mean vicscosity n below the lithosphere (the surface shell of greater viscosity) in a convectively unstable zone of total thickness 600kms, that minimises the temperature difference across the zone. The viscosity relationship is shown above. The subsidiary length scale at the bottom is the crystal size parameter that enters the expression for no in a Herring-Nabarro steady state creep theory. Some writers assert enormous values for this parameter, citing the recrystallisation that might occur under upper mantle conditions. Quite apart from the polyphasic quality of all plutonic rocks seen under the microscope, this is not a criticism that should be directed towards convection theory. dependence on temperature. This control can be expressed as a highly efficient compensating mechanism, since for all the plausible viscosity-temperature relationships the temperature is always that which will give a viscosity of approximately 1020-1021 poises (Fig.  1) . The effectiveness of this compensation is illustrated by saying that the actual change in viscosity when the viscosity-temperature relationship is altered is less than 10.4 the change of viscosity at any particular temperature.
We now see that the old idea of convection theory for the mantle being very arbitrary because the viscosity-temperature relationship was uncertain to wide limits was a mistaken one that had its origin in an incomplete analysis of the convection problem.
The new point of view is that the viscosity (and hence effectively the equivalent Rayleigh and Prandtl number) are constrained by the convection itself to be within narrow limits. The mean absolute temperature on level surfaces rises on passing downward from the external surface according to the conduction solution until one reaches a depth such that the viscosity has fallen to about 1021 poise. From the equivalent Rayleigh number we can estimate the mean velocity below this depth to be 10-6--7cm/sec and it is easy to demonstrate from this that the mean temperature difference of rising and falling material is of the order 1C. At this stage the major attraction of the theory is its success in preducting from laboratory data the same viscosity as is indicated by the kinetics of isostatic adjustment to surface loads some tens to hundreds of kilometres in horizontal extent. Although the convection velocities predicted at depths greater than a few tens of kilometres are of exactly the same order as those inferred from magnetic data, it is by no means obvious without further analysis that the horizontal velocities in the plausible models at the external surface would be at all comparable with those at greater depth. The viscosity at the external surface is more than 1030 times larger than its mean value at depths of some tens of kilometres (c.f. the effects of a viscosity contrast of 1015 between ice and liquid water). This problem is typical of those that compel us to consider the local details of the convection solutions through the region in which the mean properties are changing extremely rapidly with depth. l We have no laboratory experience of a similar situation; in fact there are no scaling laws that could serve as a basis for accurately modelling this particular aspect of the plausible theoretical models. At the moment further elucidation seems to lie entirely with numerical analysis, possibly using the solution for the mean conditions as a starting point. However there may not be a solution to the problem, even in principle, within the set of plausible viscous models (see below). The crucial question that should be answered is whether the observable solutions for the plausible convection models can be adequately described as a disruption of the spherical highly viscous zone inferred from the calculation of mean properties near the external surface, and the occurrence of roughly similar horizontal velocities on all level surfaces. Obviously an understanding of this question is central to a deductive theory of surface tectonics from the properties of the Earth as a whole and for an interpretation of the distinct differences in surface appearance of the terrestrial t The influence of local properties on the mean properties of a solution in continuum mechanics is illustrated by the expression 'the strength of a chain is that of its weakest link'.
planets. One major deficiency of the theory for our present discussion is that having fixed the viscosity at depth to be 1020-1021 poise, the uncertainties of the viscosity-temperature relationship are such as to give uncertainties of several hundred degrees in the amount by which the temperatures at depth obtained from the conduction solution should be reduced. Again the relationship of temperature at depth to thermal measurements at the external surface are seperated by a theoretical abyss. We can, however, conceive two situations which might reasonably be considered to represent limits to the possible convection solutions in the vicinity of the external surface. At one extreme we suppose that the convection does not destroy the spherical symmetry of properties, apart from the effects of the 1C differences found above. Then we would infer that the horizontal velo- Using this second picture of the surface flow we can narrow the limits of uncertainty on temperature at depth by examining the magnitude and width of the heat flow anomalies.
On account of the volume heating, we would expect the rising material to form a broad column, comparable to, if not greater in width than the depth of the convection zone, and not to experience any cooling apart from that due to adiabatic expansion until reaching a certain depth. This critical depth for centre of the rising stream is that at which the transit time to the surface is comparable to the conduction time constant of the super- This depth fixes the time constant for relaxation of the abnormal thermal conditions under the ridge crests during the spreading process and hence the width of the heat flow anomaly. Unfortunately, the observations are too scattered to give any further precision to the above result, but there is no disagreement.
There is certainly better agreement than is obtained by allowing thermal conditions to relax towards the conduction solution at all depths.t
Another aspect of the heat flow anomalies is their association with a large topographic feature, the oceanic ridges. It must be emphasized that the average non-hydrostatic stress associated with the calculated convective motion are comparable with those calculated from the non-hydrostatic shape of the geoid, and are quite incapable of supporting the oceanic ridges as extra material. The surface measurements of gravity confirm this (Talwani et al 1965) . In the present theory they must have an explanation in terms of the abnormal thermal conditions existing under the ridges. Simple calculation shows that the ridge can be isostatically maintained if the abnormally hot material were to have an average thermal expansion coefficient of approximately 2.104/C over the temperature range 100-600C and at ambient pressures no greater than a few kilobars. Such a value is only observed in the laboratory during phase transformations, but there is supporting evidence that this occurs under the appropriate conditions in laboratory studies of basaltic material (Ringwood 1966) . There is also the evidence of layering in the material only a few kilometres below the ocean floor. map reveals a far from random distribution of volcanoes and it is natural that we should suspect that this ordering is determined by a large scale dynamic process. Do the plausible convection models considered above give any clues to this problem? I think it must be regarded as very significant that such models require intense local thermal abnormalities to be created as part of the typical solution.
In the above presentation of a method to find mean conditions at various depths, I emphasized for heuristic reasons the similarities that exist between laboratory models of thermal convection and that in the mantle. However, in one respect there is a radical difference. In a laboratory convection experiment the ratio of the heating by viscous dissipation to the primary heating is-10-9 but this ratio increases directly as the size of the system. Of course, the second law of thermodynamics requires that it never become larger than at most unity and this will always set an upper limit to the scale of motions in a medium of arbitrarily great size. The value of this ratio in the Earth is probably not large enough to have an important effect on the scale of motions but another aspect of viscous dissipation becomes apparent.
The viscous dissipation selectively raises the temperature of those regions subject to the most rapid shear. Since this lowers the viscosity in these models, the shear becomes further concentrated in such regions leading to a further increase in the dissipation rate. It can be shown that if the shearing force is maintained, this can lead to an infinite singularity in the temperature distribution of purely viscous regions above a given size. A critical size of approximately one kilometre is needed to develop a singularity under a stress comparable with the mean non-hydrostatic stresses t I am only suggesting the phase-transformation hypothesis as an interpretation for oceanic crustal regions. A complication that does not always appear to have been recognised is the clear evidence that either the extrapolation of high temperature (1000C) studies of some basaltic systems to the appropriate sub-oceanic conditions is either badly incorrect or that this region is thermodynamically metastable. How else is one to explain the collection of specimens that such techniques later show to be metastable? (Ringwood 1966) . Layers 2 & s could both be metastable assemblages whose boundaries change away from the coast due to this fact. The above singularity phenomenon is reminiscent of other nonlinear solutions, e.g.
the formation of a shock wave from a sound wave, in which regularity of the differential equations does not guarantee a well behaved solution. After a time the solution cannot be continued without making additional hypotheses. This demonstration of the mathematical incompleteness of the plausible viscous models of convection inside the Earth compels one to consider the manner in which the medium responds to the trend towards a singularity in the temperature and strain rate fields. Since one has to interpret the viscous models as asymptotic forms of viscoelastic models, it might be thought that an understanding of how the tendency towards a singularity is resolved could only be obtained by considering these more general models. For instance, it might be thought that the increase in rate of shear would become great enough for elastic forces to come into play.
However, it can be shown that this solution of the problem is not correct, on account of the fact that the angle of shear in one relaxation time n/u does not increase. I believe that he only solution to this problem that is possible for a medium that can store strain energy is a process that may be described as a generalised Griffith's fracture process. Assuming the mantle is such a medium, and using the seismically determined elastic constants of the upper mantle, it may be shown that the stored energy associated with the non-hydrostatic stresses of the convection solutions is-100ergs/cm3. Following Griffiths we examine the condition that this energy when released at some surface in the medium be sufficient to reduce the tangential stresses acting across that surface to essentially zero. Naturally those parts of the solution nearest to the melting point will be favoured and we would expect to get a catastrophic slip superposed on the zones of rapidly increasing shear described above. It can be shown that radiation of elastic energy in the seismic frequency band is a possibility. It is beginning to become clear that the tendency of convective flows to develop singularities may be the simplest explanation of deep seismicity and its association with vulcanicity. It may also be mentioned here that this aspect of convective flows leads to a subtle revision of a popular mode of thinking about motion in the outer parts of the Earth. The 'tectonic plate' picture has tended to make a too clear division between ' plates' and the rest of the Earth. In this picture the plates with their unique combination of rigidity and flexibility are driven hither and thither by the action of the rest of the Earth. In the collective enthusiasm for this picture it has not always remained obvious that these plate regions have a transient quality growing from and decaying to the other material. To make an obvious remark, they are just an integral part of the convective circulation that may be partially delineated by the seismic sources and a combination of other physical parameters, e.g. Q. t
Electrical Conductivity Determination:
I should like to end by discussing the support that studies of geomagnetic phenomena give to the above results. In this section we may regard the electrical conductivity as yet another postulated constitutive property of the Earth whose distribution is assigned in accordance with observations of the geomagnetic variations and the theory of electromagnetic induction. In a certain sense the problem is complete when this assignment has been made, but new questions arise if we insist that the distribution of electrical conductivity bear a similar relationship to other distributions, e.g. temperature, pressure, as it does in laboratory samples.
In an examination and interpretation of the nature of the geomagnetic variations over the surface of the Earth, it has been conventional to divide the subject into global and region problems. The former may be defined as the construction of an interpretation theory for the very lowest spatial harmonics of the surface magnetic field variations, whereas the latter is mainly concerned with an interpretation of the high harmonics that seem to be closely associated with the same low harmonic inducing fields. The latter are the special concern of a review paper by Professor Schmucker in this symposium and will be only briefly alluded to.
The global conductivity distribution that results from the first interpretation problem is the subject of a recent paper by Banks (1969) . This paper is interesting for the effort that is made to find the range of solutions that afford adequate interpretation of the geomagnetic variations in the frequency range 3.10.3-2.5x10x1 cycles/day. Banks found that an increase in conductivity was required at a rather shallower depth than that found by Lahini and Price (1939) . This data was of generally lower frequency than the data used by them. Of greatest interest to us here is that Banks placed an upper limit on the mean conductivity down to a depth of 400km. Any conductivity distribution with values less than 8.10-2ohm-1m-1 in this region could with suitable adjustment outside it, be made to interpret the data. clearly see the large increases in conductivity that may be induced by polycrystallinity and the addition of iron. In actual fact, the effect of iron is more complex than simple replacement of magnesium since conductivity changes can be introduced by non-stoichiometry (i.e. Fe3+) within the olivines. The uncertainty in conductivity due to an unknown degree of ferric iron varies with the total iron content but is small (probably less than a factor of five) for the olivines of geophysical importance (-(Mg90Fe1o)2,Si04). The effect of raising the pressure is almost always to increase the structure sensitive conductivity.
For the pressures existing in the depth range of interest it would increase the plotted conductivities on the average by approximately one order of magnitude. This adjustment has been made when estimating the temperatures given.in the next paragraph.
It can be seen that the very pure (synthetic) forsterite is the most resistive of these materials at any temperature, and with the conductivity upper limit given by Banks one may regard this particular substance as giving a greatest upper bound to the temperature in this depth range of-4550C. Such material has never been found in the field, and what one might choose to regard as the best estimate of maximum temperature is considerable less than this figure. If we base our calculation on results for almost gem quality olivine single crystals of approximate composition (Mg90 Fe10)2SiO4, the upper limit is 1290C, while if we choose to use the conductivity data for eclogites, peridotites or gabbros it is only 880+100C. Banks has also given a 'best' estimate of the conductivity in this region of -6.10-2ohm-1m-1 and with the same substances the 'best' temperature estimates become 1370C, 1150C and 630+100C. Despite the uncertainties of the method, I believe that one must regard the conductivity data as giving strong support to the low mean temperature calculated from convection theoryt (see above).
If we assume that the conductivity and elastic properties of the upper mantle are controlled by the olivine phase, additional evidence for such low temperatures can be found.
Recent studies with seismometer arrays have indicated the existence of a sharp increase in P wave velocity at a depth of approximately 360km (Anderson 1967 , Johnson 1967 ). If we interpret this sharp increase as the effect of a transformation of these minerals to a spinel structueed form, the laboratory data of Ringwood (1968) indicates that the temperature at that depth must be-1000C.tt It is worth pointing out that a somewhat similar interpretation of this feature by Anderson (1967) is not consistent with the electrical conductivity data. He assumed that the conduction theory estimate of temperature at the depth of the velocity increase (1500C) was reliable and adjusted the iron content of the olivine to give agreement with the laboratory data. He inferred a composition of (Mg60 t It was apparent when writing a review of the Earth's conductivity distribution in 1959 that the temperatures calculated from single crystal olivine data, which were known to be more resistive than likely mantle materials, were considerably less than the then current estimates. This was the motivation for a study of temperature in an Earth that could convect. tt There appears to be another phase possible for the magnesium end members of the olivine series (Ringwood's B phase) at high pressures. This is believed to have a density comparable to a spinel form under similar conditions. The above temperature estimate is based on the depth of the top of the velocity rise, which may in toto be the result of two phase changes: olivine-B-spinel. Fe40)2 Si04. However, it can be seen from Fig. 2 that such a model gives a conductivity much greater than Banks' upper limit, and should be rejected. In fact it may be demonstrated that an interpretation of all this data can only be found for olivines with less than 10% replacement of magnesium by iron, and hence the low temperature derived above.
This is a more satisfactory solution for other geochemical reasons. Although the change in electrical conductivity during the phase transformations of these particular olivines has not yet been experimentally determined, the data of Akimoto and Fujisawa (1965) on the behaviour of f ayalite Fe2SiO4 suggests that an interpretation can readily be found of the conductivity increase at a depth of 400kms. (Banks, 1969 Japan and the Andes where current doctrine postulates just a cold descending plate. I believe that the explanation of this apparent paradox is to be found in another curious aspect of the plausible convection models. The temperature coefficient of viscosity decreases strongly with increasing temperature and as a consequence the necessary condition that must be satisfied to generate a near singularity in the temperature field is easily attained in or near the descending cold the rmal boundary layer. One can see qualitatively how abnormally high temperatures could be generated along the top of the descending plate very close to abnormally cool material. The rather high surface heat flow seen in the sea of Japan may well be the result of such concentrated viscous heating. It may also go some way to answer Beloussov's criticism of thermal convection theory that all the surface manifestations of abnormally hot conditions are nearest the postulated descending currents. One could predict on the strength of this theory high heat flow on the eastern slopes of the Andes, and anomalods 'bay' type geomagnetic disturbances in other regions of descending material.
Conclusion:
The major point I hope I have made clear in this review is the necessity to rethink the perennial problem of the Earth's internal temperature distribution from first principles. If it appears that I have given excessive prominence in a review paper to my own views, that is because I feel that no one else has proceeded beyond what one might call the first stage of solving this problem in a deformable Earth-the solution of the conduction equation. As long as there is tendency to believe that the results of this incomplete calculation can be grafted to the current ideas of a mobile Earth, the wrong questions will continue to be asked and ill-informed criticism of thermal convection theory will continue to be made. It is very easy to underestimate the potentiality of non-linear coupled partial differential equations and nothing is in more vivid contrast than the confidence with which some declare thermal convection to be an inadequate basis for terrestrial tectonics, and the guarded statements of the experts about much simpler convectiog systems.
The main quantitative result of the new ways of discussing the temperature distribution is the need for much lower mean temperatures in the upper mantle. I have said nothing of the differences that might exist between mean temperature on level surfaces under the oceans and continents but this problem may also have a novel solution in convection theory with viscosity exerting a controlling influence on absolute temperature.
If the continental mantle has been rid of its more fusible sialic material, the absolute temperature could well be higher under the continents than at the same depth under the oceans-reflecting the higher viscosity at a given temperature of the more refractory phases. The significance of radiative heat transfer as a conductive type heat transfer mechanism is greatly reduced in the newer theories, because of the lower absolute temperatures and the dominating effect of viscosity rather than thermal conductivity in fixing the equivalent Rayleigh number. A more practical aspect of the low mean temperatures inferred for the upper mantle is that it puts the problem of simulating the thermodynamic conditions in the mantle down to a depth of more than 500kms within the reach of current technology.
Another interesting aspect of the above ideas is the support it gives to the idea of a cool Moon. Assuming the Moon to be rather similar in properties to the upper Mantle the whole Moon below about 100kms would be at a temperature of between 600 and 1000C.
The absence of terrestrial type tectonics could be the result of the (thicker) surface layer remaining intact under the influence of the deeper convection (see also Tozer 1967) .
The non-uniqueness of convection problems will doubtless alter the attitude of geophysicists to several problems of the Earth's interior. As in the case of the atmosphere one can foresee the development of a purely synoptic approach to many of the details.
No geophysicist will feel any profound truth is hidden from him on account of his inability to predict the flow or temperature at a particular place. After all, no one expects to forecast the weather over England from the boundray conditions of the Earth's atmosphere.
